This research was conducted to establish the effects of fly ash and foundry sand on strength and durability of concrete. Two series (Series 1 and Series 2) of experiments were performed. All concrete mixtures were produced for and at the production plant of an architectural precast concrete products producer. Concrete mixtures produced were used in manufacture of precast concrete panels. For Series 1, one non-air-entrained control mixture with 20% Class C fly ash (FA) and no used foundry sand (UFS) was proportioned. Additionally, three non-air entrained concrete mixtures were proportioned with used foundry sand content of 15%, 20%, and 45% as a replacement of concrete sand compared to the reference. For Series 2, two air-entrained reference mixtures, with about 25% Class C fly ash, were proportioned without foundry sand. Additional air-entrained mixtures were proportioned to contain used foundry sand as a replacement of regular concrete sand by 15, 20, and 45 percent. Concrete test specimens were evaluated for compressive strength, abrasion resistance, salt scaling resistance, freezing and thawing resistance, and chloride-ion penetration resistance. Based on strength and durability evaluations, it was concluded that both non-air and air-entrained concrete mixtures developed in this investigation are appropriate for manufacture of high-quality, architectural precast concrete using used foundry sand and fly ash.
INTRODUCTION
Over 7 million tonnes (8 million tons) of foundry by-products including sand and slag were produced in the USA in 1996. Used (or spent) foundry sand was the major component of these by-products. Wisconsin alone produced in excess of 550,000 tonnes/year (600,000 tons/year) of used foundry sand in 1996. Majority of the foundry sand generated in Wisconsin and elsewhere are landfilled at high disposal costs and future environment liability to the foundries. Landfilling of foundry sand not only causes significant economic burden to the foundries but also causes a lost opportunity for saving energy and resources. To help solve this problem, Naik and his associates [1] [2] [3] [4] [5] [6] [7] started an extensive investigation to find beneficial applications of foundry byproducts in cement-based materials. Based upon the results of these investigations, they reported that used foundry sand can be used in the manufacture of cement-based materials with fly ash for several applications including Controlled Low Strength Materials (CLSM), masonry products, and concrete for structural and other applications. Other investigators [8] [9] [10] have also supported the use of used foundry sand in construction materials.
Utilization of used foundry sand in concrete can consume large-volume of used foundry sand generated in the USA. However, prior to wide-spread commercial use of concrete containing used foundry sand, long-term strength and durability data are needed for developing material specifications for potential users. There is a lack of data on long-term strength and durability of such concrete systems. Therefore, this research was primarily focused toward determining strength and durability of concrete made with used foundry sand. Fly ash was used to improve strength and durability of such concrete mixtures.
RESEARCH SIGNIFICANCE
This investigation was directed toward obtaining strength and durability data on concrete incorporating used foundry sands with fly ash. The results of this investigation were used to establish material specification for concrete containing used foundry sand for architectural precast concrete panels and other applications. This should lead to increased utilization of used foundry sand in manufacture of concrete for various applications.
EXPERIMENTAL PROGRAM
An experimental program was designed to evaluate the effects of used foundry sand and fly ash on long-term strength and durability of concrete. Pervious investigations by Naik et al. and others [2] [3] have established that compressive strength may decrease when used foundry is added to portland cement concrete mixtures. Therefore, in order to compensate for the potential decrease in compressive strength, Class C fly ash was added to all concrete mixtures proportioned in this investigation. Two series of experiments were planned. Series 1 experiments were directed toward evaluating the performance of non-air-entrained concrete while Series 2 experiments were conducted to evaluate performance of air-entrained concrete incorporating used foundry sand, used as a replacement of regular concrete sand, and fly ash as a partial substitute for cement.
Materials
Concrete constituents materials such as portland cement, fly ash, used foundry sand, and normal coarse and fine concrete aggregates, were used in this work. Fly ash was characterized for physical and chemical properties. The chemical properties included determination of oxides, elements, and mineralogical components of fly ash. The following physical properties tests: fineness (ASTM C 430), strength activity index with cement (ASTM C 109), water requirement (ASTM C 109), autoclave expansion (ASTM C 151), and specific gravity (ASTM C 188) were performed. Cement was tested per ASTM C 150 requirements for air content (ASTM C 185), fineness (ASTM C 204), autoclave expansion (ASTM C 151), compressive strength (ASTM C 109), time of setting (ASTM C 191), and specific gravity (ASTM C 188). Fine and coarse aggregates, including used foundry sand, were tested per ASTM C 33 requirements for the following physical properties: unit weight (ASTM C 29), specific gravity (ASTM C 128), absorption (ASTM C 128), fineness (ASTM C 136), material finer than #200 sieve (ASTM C 117), organic impurities (ASTM C 40), and soundness (ASTM C 88).
Micrographs of the fly ash and sand samples were obtained using a Scanning Electron Microscope (SEM) for studying morphologies of the particles. Fly ash, cement, and foundry sand were analyzed for elemental concentrations using Instrumental Neutron Activation Analysis. X-ray diffraction analysis was also conducted on fly ash and cement samples. The detailed results and analysis of the physical and chemical properties of the cement, fly ash, and used foundry sand used in this project are reported elsewhere [1] . The micrographs of used foundry sand exhibited uniform particles size, which were, finer and more rounded in shape than that for the normal concrete sand. The micrographs of fly ash samples showed heterogeneous mixture of predominantly spherical particles of varying sizes.
The predominant phases in cement samples were dicalcium silicate (C 2 S), tricalcium aluminate (C 3 A), tricalcium silicate (C 3 S), tetracalcium aluminoferrite (C 4 AF), and periclase. The crystalline phases present in the fly ash samples were quartz (SiO 2 ), tricalcium aluminate (C 3 A), and anhydrite gypsum (CaSO 4 ). The values of amorphous materials were 28.5% in cement and 90.2% in fly ash samples.
The fly ash met the ASTM C 618 requirements for Class C fly ash. The cement conformed to the requirements ASTM C 150 specification for Type I cement. Both the regular coarse and fine aggregates met the ASTM C 33 requirements (Tables 1 and 2 ). The used foundry sand had finer particles than the regular concrete sand. The used foundry sand did not meet the ASTM C 33 gradation requirements for fine aggregates (Fig. 1) .
MIXTURE PROPORTIONS
For Series 1 experiments, one non-air-entrained reference concrete mixture was proportioned without used foundry sand and three other mixtures having used foundry sand in the amounts of 15%, 20%, and 45% as a replacement of regular concrete sand. The reference mixture contained 20% fly ash, while the other mixtures were proportioned to have an additional 10 to 15% fly ash content. The total fly ash content of the used foundry sand mixtures was between 29 to 34% of total cementitious materials (Table 3) . These mixtures were proportioned to maintain a practical value of slump in the range of approximately 150 ± 50 mm (6 ± 2 in.). For Series 2 experiments, two air-entrained reference mixtures without used foundry sand, and three other air-entrained mixtures having used foundry sand in the amounts of 15%, 20%, and 45% as a replacement of fine aggregate at corresponding fly ash levels of 34%, 37%, and 40% of total cementitious materials. The two control mixtures included Class C fly ash contents of about 25% of total cementitious materials (Table 4) . Slump for these mixtures was specified to be 125 ± 50 mm (5 ± 2 in.). All concrete mixing was done at the Advance Caststone Company's batch plant in accordance with ASTM C 94.
SPECIMEN PREPARATION AND TESTING
Fresh concrete properties such as air content (ASTM C 231), workability (ASTM C 143), unit weight (ASTM C 138), and concrete and air temperature (ASTM C 1064) were measured. All test specimens were cast in accordance with ASTM C 31. These specimens were typically cured for one day in their molds at about 20° C (68° F) at the Advance Cast Stone Company plant. They were then brought to the UWM-CBU lab for further curing and testing. For lab curing, these specimens were demolded and placed in a standard moist-curing room maintained at about 100% R.H. and 22° C (73° F). Each non-air-entrained concrete specimens are tested for compressive strength (ASTM C 39), abrasion resistance (a modified ASTM C 944) [8] , and chloride-ion penetration resistance (ASTM C 1202). Air-entrained concrete specimens were tested for compressive strength (ASTM C 39), abrasion resistance, salt scaling resistance (ASTM C 672), freezing and thawing resistance (ASTM C 666), and chloride-ion penetration resistance (ASTM C 1202).
CONCLUSIONS
Considering the test data collected in this work, the following major conclusions may be drawn:
(1) The early-age strength of concrete mixture with UFS was lower compared to the reference mixture without used foundry sand. All non-air-entrained concrete mixtures containing up to 45% used foundry sand achieved compressive strengths comparable to the control mixture at later ages. All non-air-entrained concrete mixtures made with and without used foundry sand exhibited compressive concrete appropriate for manufacture of high-quality, structural-grade concrete.
(2) The general trend for compressive strength data for air-entrained concrete mixtures was similar to the non-air-entrained concrete mixtures. At early ages up to 7 days, mixtures containing more than 20% used foundry sand had compressive strengths lower than the control mixture. However, at 28 days and beyond all used foundry sand mixtures attained compressive strengths comparable to or better than the control mixtures without used foundry sand. All air-entrained concrete mixtures made with or without used foundry sand exhibited compressive strength appropriate for structural applications.
(3) All non-air-entrained concrete mixtures with and without used foundry sand showed very high abrasion resistance.
(4) All air-entrained concrete mixtures, except for the 43% and 47% used foundry sand mixtures, met the ASTM abrasion requirement at the age of 28 days. The mixtures containing 43% and 47% used foundry sand slightly exceeded the maximum ASTM C 944 value of 2.0 mm by an average of 0.4 mm at the age of 28 days. However, at 182 days, all concrete mixtures met the ASTM abrasion resistance requirement.
(5) The salt-scaling resistance of air-entrained concrete containing up to 20% used foundry sand was equivalent to the reference mixture without used foundry sand. The salt-scaling resistance of concrete mixtures incorporating large amounts of used foundry sand (43% and 47%) varied from "moderate scaling" to "severe scaling" per ASTM C 672.
(6) All air-entrained concrete mixtures made with and without used foundry sand showed excellent resistance to freezing and thawing actions.
(7) The chloride-ion penetration resistance of non-air-entrained concrete incorporating used foundry sand was either equivalent to or better than the reference concrete mixtures without used foundry sand. At 56 days, non-air-entrained mixtures showed chloride-ion penetration varying from "low" to "moderate" while at 182 days, it varied from "low" to "very low".
(8) The resistance to chloride-ion penetration for air-entrained concrete mixtures was not greatly influenced by inclusion of used foundry sand up to 47% with fly ash content ranging from 34 to 40 percent. The chloride-ion penetration for the concrete mixtures, varied from "moderate" to "low" at the age 56 days. At 182 days, all concrete mixtures except the 43% used foundry sand attained "very low" chloride-ion penetration.
(9) Based on the results obtained in this investigation it was concluded that both non-air and air-entrained concrete mixtures containing used foundry sand developed in this investigation are appropriate for structural applications.
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